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Abstract
The genome sequence of Lactococcus lactis IL1403 revealed the presence of a putative peptide-binding protein-dependent ABC-
transporter (Dpp). The genes for two peptide-binding proteins (dppA and dppP) precede the membrane components, which include two
transmembrane protein genes (dppB and dppC) and two ATP-binding protein genes (dppD and dppF). In this work, the gene specifying the
second peptide-binding protein (DppP) was cloned under the control of the nisin promoter. The protein fused to a carboxyl-terminal
histidine tag (DppP-His6) was purified and its binding properties were determined by monitoring the intrinsic fluorescence changes
observed upon ligand binding. The major features of peptide binding to DppP-His6 include: (i) a requirement for a free N-terminal
K-amino group in the ligand; (ii) a high affinity for di-, tri- and tetra-peptides; (iii) affinity constants for peptide binding independent of
pH; and (iv) a high affinity for D-isomer-containing peptides. Remarkably, the features (ii), (iii) and (iv) differ from those previously
reported for DppA-His6, suggesting that DppP-His6 is a more versatile peptide-binding protein that could have additional functions.
: 2003 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction
In bacteria, peptide transporters serve a role in nutrition
by supplying exogenous substrates as nitrogen and carbon
sources, but the systems can also function in regulation of
gene expression, chemotaxis, conjugation and/or compe-
tence development [1^3] In most cases, peptide transport
is mediated by solute-binding protein-dependent ABC-
transporters. These are multicomponent systems com-
posed of two integral membrane subunits, two peripheral
ATP-binding subunits and an extracytoplasmic solute-
binding receptor. In general, the solute-binding proteins
provide the primary interaction site for the ligand and
largely de¢ne the speci¢city of the transport system [4].
Lactococcus lactis possesses at least three peptide trans-
port systems, one speci¢c for oligopeptides (Opp) and two
others for di- and tri-peptides (DtpT and Dpp, the latter
has been previously referred to as DtpP; [4]). The proteo-
lytic pathway of L. lactis is initiated by the degradation of
caseins by an extracellular proteinase resulting in the gen-
eration of oligopeptides from 4 to 30 residues, most of
which are substrates of Opp [6^9]. Whereas Opp is con-
sidered essential for nutrition (accumulation of essential
amino acids, present in the oligopeptides), the di-tri-pep-
tide transport systems are thought to serve alternative
roles, like regulation of expression of genes involved in
nitrogen metabolism [10^13]. The presence of a second
di-tripeptide transport system (Dpp), in addition to the
¢rstly characterized DtpT, was initially deduced from the
ability of opp/dtpT double mutants to transport hydropho-
bic di- and tri-peptides [5]. Recently, the genes encoding a
putative peptide-binding protein-dependent ABC-trans-
porter (dpp) were identi¢ed in L. lactis subsp. lactis
IL1403 and L. lactis subsp. cremoris MG1343 [13,14]. In
both strains the dpp system has two possible peptide-bind-
ing protein genes (dppA and dppP), which precede the
genes for the membrane complex (dppBCDF). The expres-
sion of more than one binding protein could allow the
system to transport a wider range of peptides.
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Functional studies of the Dpp system from L. lactis
were initiated in the strain MG1363 since its proteolytic
system is the best characterized to date. However, we
found that in L. lactis MG1363 only dppA encodes a func-
tional di-tripeptide-binding protein, while dppP contains a
chain-terminating non-sense mutation that may impair its
function [13,15]. In contrast, in L. lactis IL1403 both ho-
mologous genes seem to encode functional peptide-binding
proteins that could have evolved to play di¡erent physio-
logical roles. Despite the fact that only few residues de¢ne
the binding properties of solute-binding proteins, align-
ments of the deduced amino acid sequences of DppA
and DppP show enough di¡erences (55% identity) to an-
ticipate variations in speci¢city.
In this work, we report on the puri¢cation and speci¢c-
ity of the second peptide-binding protein (DppP) of the
Dpp system from L. lactis IL1403. The binding properties
are compared to those previously reported for DppA and
OppA, revealing important di¡erences between these sys-
tems [8,9,15].
2. Materials and methods
2.1. Strains and growth conditions
The strain L. lactis NZ9000 (MG1363 derivative,
pepN: :nisRK) was kindly provided by O. Kuipers and
used to overexpress the dppP gene of L. lactis IL1403
[16] after transformation with the vector pNZDppP. The
supernatant of cultures of L. lactis NZ9700 [17] was used
as a source of nisin A to trigger the transcription from the
nisA promoter. The strains were grown, at 30‡C, in M17
broth or agar (Difco, East Molesey, UK) supplemented
with 0.5% (w/v) glucose and 5 Wg ml31 of chlorampheni-
col, when appropriate.
2.2. Plasmid construction and general DNA manipulations
For the construction of pNZDppP, the gene (dppP) en-
coding the peptide-binding protein of the Dpp system was
ampli¢ed from L. lactis IL1403 genomic DNA with Vent
DNA polymerase (New England BioLabs, Beverly, MA,
USA). In the forward primer (5P-CGCGCCATGGAT
AGCGGTTCTAGCTCATCG-3P), a NcoI restriction site
(underlined) was introduced 3P of the sequence encoding
the signal peptide. In the reverse primer (5P-GGCGG
ATCCTTTGAGGTAAGCTGTTTTG-3P), a BamHI re-
striction site (underlined) was created that overlaps with
the stop codon of the dppP gene. The polymerase chain
reaction (PCR) product was digested with NcoI and Bam-
HI and ligated with the 3.7-kb fragment obtained by
digestion of pHLP5 [18] with the same restriction en-
zymes. The resultant plasmid, pNZDppP, carries the
dppP gene cloned under the control of the nisA promoter
and in frame with the sequence specifying a carboxyl-
terminal factor Xa cleavage site and a six-histidine tag
[18].
Molecular cloning techniques were performed essentially
as described by Sambrook et al. [19]. Plasmid DNA from
L. lactis was isolated by either the method of Birnboim
and Doly, with minor modi¢cations [20], or the Qiagen
column puri¢cation kit (Qiagen, GmbH, Hilden, Ger-
many). PCR was performed with Vent DNA polymerase
according to the instructions of the supplier (New England
BioLabs, Beverly, MA, USA). L lactis was transformed by
electroporation as described by Holo and Nes [21].
2.3. Expression and puri¢cation of DppP-(His)6
The expression of DppP-(His)6 was induced with nisin
A, as described elsewhere [15]. Brie£y, L. lactis NZ9000,
carrying the vector pNZDppP, was grown to an OD660nm
of approximately 1.0. At that stage, the expression of
DppP-(His)6 was triggered by the addition of 1:1000 dilu-
tion of the ¢ltered supernatant of a L. lactis NZ9700 cul-
ture (containing about 10 ng of nisin A ml31). The induc-
tion time was 2 h, and at the end of this period the cells
had reached a ¢nal OD660nm of around 2.6. Cells were
harvested by centrifugation at 6000Ug for 10 min at
4‡C, washed twice in 50 mM sodium phosphate, pH 7.0,
and suspended in the same bu¡er, supplemented with 20
mM imidazole and 100 mM NaCl. Cells were disrupted
with glass beads in a Bead-beater (Biospec Products, Bar-
tlesville, OK, USA) and the cell-free extract was recovered
by centrifugation (12 000Ug, 10 min, at 4 ‡C). The protein
was puri¢ed from the supernatant by two chromato-
graphic steps. First, the extract was loaded onto a Bio
Spin column (Bio-Rad, Hercules, CA, USA) containing
Niþ2-NTA resin (Qiagen, GmbH, Hidden, Germany).
The washing step was carried out with 50 mM sodium
phosphate, pH 6.5, containing 50 mM imidazole and the
elution step was carried out with the same bu¡er contain-
ing 200 mM imidazole. Final puri¢cation of DppP-(His)6
was achieved by cation-exchange chromatography on a
Resource S column (1 ml; Pharmacia). Proteins were
eluted at 1 ml min31 by applying an initial isocratic step
in the equilibration bu¡er (50 mM sodium phosphate, pH
6.0), followed by a linear gradient from 0 to 300 mM
NaCl, in the same bu¡er.
The endogenous ligand possibly present in puri¢ed
DppP-His6 was eliminated by partial denaturation with
guanidine hydrochloride and renaturation of the protein
as previously described [8,15].
2.4. Protein concentration
Protein concentration was determined by the bicincho-
ninic acid (BCA) method with the BCA protein assay
reagent (Pierce, Rockford, IL, USA). Bovine serum albu-
min was used as the standard. The concentration of the
puri¢ed protein was also estimated from the optical den-
FEMSLE 11209 30-9-03
Y. Sanz et al. / FEMS Microbiology Letters 227 (2003) 33^3834
sity at 280 nm, using a calculated extinction coe⁄cient of
1.315 (mg ml31)31 cm31.
2.5. Electrophoresis
Sodium dodecyl sulfate^polyacrylamide gel electropho-
resis (SDS^PAGE) was performed according to Laemmli
[22], using 6% acrylamide stacking gels and either 10 or
12% acrylamide resolving gels. Proteins were visualized by
Coomassie brilliant blue staining.
2.6. Fluorometric assays
Fluorescence spectra were obtained on a spectro£uo-
rometer Shimadzu RF-500 (Kyoto, Japan), at 20 ‡C. Ex-
citation was at 278 nm and emission was scanned from
200 to 400 nm using 5-nm bandwidths. Titration of intrin-
sic £uorescence of DppA-(His)6 with di¡erent ligand con-
centrations was performed by excitation at 278 nm, using
a 3-nm bandwidth, and by monitoring the emission at 340
nm, using a 10-nm bandwidth. Ligand binding studies
were generally performed in 50 mM sodium phosphate,
pH 6.5. When ligand binding was analyzed as a function
of pH, the following bu¡ers were used: 50 mM sodium-
acetate/acetic acid (pH 4.5^5.5) and 50 mM sodium phos-
phate (pH 6.0^7.5). Binding curves were analyzed accord-
ing to a hyperbolic binding equation, as described else-
where [8,15]. Non-linear least-squares regression was
performed with the Sigma Plot program (Jandel Scienti¢c
Software). The estimated binding parameters are the aver-
age of three independent determinations and the standard
deviations are given.
3. Results and discussion
3.1. Ampli¢ed expression and puri¢cation of DppP-(His)6
The synthesis of the protein DppP-(His)6 was ampli¢ed
by the use of the nisin-controlled expression system, which
utilizes the antimicrobial peptide nisin as inducer [23]. The
gene dppP was translationally fused to the nisA promoter
without the sequence specifying the signal peptide and
fused to that encoding a carboxyl-terminal six-histidine
tag, as described elsewhere [13]. Thus, the peptide-binding
protein was expressed as a soluble protein carrying a his-
tidine tag [DppP-(His)6], which altogether facilitates the
puri¢cation and characterization procedures. The puri¢ca-
tion to homogeneity was achieved by two consecutive
chromatographic steps, which included Niþ2 a⁄nity chro-
matography (Niþ2-NTA resin) and cationic chromatogra-
phy (Resource-S). From the ¢rst chromatographic step the
peptide-binding protein eluted at 200 mM imidazole,
achieving about 80^85% purity (Fig. 1, lane 3). From
the second chromatographic separation on the strong cat-
ion-exchange column the target protein eluted at 255 mM
NaCl while most of the contaminant proteins eluted in the
isocratic step. A highly puri¢ed and homogeneous sample
with an expected molecular mass of 58 kDa was obtained,
as shown by SDS^PAGE (Fig. 1). The procedure yielded
about 1.4 mg of puri¢ed protein l31 of cell culture of
OD660nm of 2.6. The endogenous ligand possibly present
in puri¢ed DppP-His6 was eliminated by partial denatur-
ation of the protein bound to the Niþ2-NTA resin with
3 M guanidine hydrochloride. The renaturation of the
protein was achieved by applying successive washing steps
with decreasing concentrations of guanidine hydrochlo-
ride from 2.5 to 0 M [15]. About 60% of puri¢ed protein
was recovered after the denaturation^renaturation proce-
dure.
Fig. 1. SDS^PAGE analysis of DppP-(His)6 puri¢cation. Lane 1, molec-
ular mass markers (kDa); lane 2, cell-free extract ; lane 3, samples eluted
from Niþ2-NTA chromatography at 200 mM imidazole; lane 4, puri¢ed
protein eluted from cation-exchange chromatography at 255 mM NaCl.
Fig. 2. Fluorescence titration with various peptides. Intrinsic protein
£uorescence from 0.025 WM of DppP-(His)6 in 50 mM sodium phos-
phate, pH 6.5, upon addition of increasing concentrations of Leu-Leu
(R) and Leu-Leu-Leu (b). The solid line represents the best ¢ts of the
data to a hyperbolic binding equation [8,15].
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3.2. Speci¢city and binding a⁄nities of DppP-(His)6
estimated from changes in the intrinsic protein
£uorescence.
The binding mechanism of ABC-transporter-associated
solute-binding proteins involves a conformational change
that can be monitored by di¡erent techniques. Peptide
binding to OppA and DppA from L. lactis MG1363 was
previously shown to elicit a change in the intrinsic protein
£uorescence that allows the accurate determination of the
kinetics of peptide binding [8,15]. The intrinsic protein
£uorescence of DppP-His6 was determined, showing exci-
tation and emission maxima at 278 and 340 nm, respec-
tively (data not shown). The addition of saturating con-
centrations of ligand resulted in a blue shift in the
emission maxima and in an overall decrease in £uores-
cence from 13 to 30% depending on the peptide. The de-
crease in £uorescence at 340 nm with increasing concen-
trations of ligand was used to determine the kinetic
parameters of peptide binding to DppP-His6 (0.05^0.025
WM). The data of £uorescence changes as a function of
peptide concentration were ¢tted to a hyperbolic single-
site model, as described elsewhere [15] (Fig. 2). Initially,
the pH dependence of binding was determined using Ala-
Ala as ligand. As shown in Fig. 3, only moderate changes
in a⁄nity constants (Kd varied from 0.38 to 0.68 WM) were
observed in the pH range from 4.5 to 7.5. DppP-His6
showed the highest a⁄nity at pH 6.5, slightly decreasing
beyond this value. In contrast, the a⁄nity of peptide bind-
ing to DppA-His6 was greatly a¡ected by pH, that is, the
Kd decreased about one order of magnitude per unit in-
crease in pH above the pH of 6.0 [15].
Structural information of peptide-binding proteins has
been determined from X-ray crystallographic studies of
DppA from Escherichia coli and OppA from Salmonella
typhimurium [24^27]. The binding mechanism is considered
to be by the so-called Venus £ytrap principle, in which the
peptide is engulfed inside the binding protein, with the
N- and C-termini of the peptide interacting with conserved
charged amino acids in the binding protein. The peptide-
binding mechanism of OppA from L. lactis di¡ers from
that of the two enteric bacteria proteins, which allows the
Opp system to transport much longer peptides, up to at
least 18 residues [3,6,8]. In the X-ray structures of DppA
from E. coli and OppA from S. typhimurium, the amino
acid side chains are projected in spacious and hydrated
pockets in which few direct contacts are made with the
protein. The nature of the amino-acyl side chain exerted
little e¡ects on the binding properties of DppA-His6 (Ta-
ble 1). Even the Kd for Gly-Gly, which has been described
as a poor substrate for all characterized di-peptide-binding
proteins, was similar to those obtained for the other tested
di-peptides (Table 1). DppP-His6 requires a free N-termi-
nal K-amino group but the protein does not have a strong
requirement for a free C-terminal K-carboxyl group as
demonstrated with N-acetylated and O-methylated di-ala-
nine (Table 2). The removal of the positive charge from
Table 1
E¡ect of amino-acyl side chain and ligand length on peptide bindinga
(meanV S.D., N=3)
Peptide vFmax (%) Kd (WM)
Val-Val 21.2 V 6.5 0.44 V 0.02
Leu-Leu 13.8 V 2.9 0.49 V 0.11
Ala-Ala 13.3 V 1.4 0.38 V 0.04
Gly-Gly 19.7 V 1.2 0.45 V 0.02
Asp-Asp 18.5 V 3.3 0.49 V 0.08
Glu-Glu 13.1 V 2.7 0.71 V 0.08
Lys-Lys 14.7 V 2.3 0.49 V 0.13
Leu-Leu-Leu 30.8 V 1.2 0.09 V 0.01
Ala-Ala-Ala 26.8 V 1.0 0.09 V 0.01
Lys-Lys-Lys 25.5 V 1.8 0.07 V 0.01
Ala-Ala-Ala-Ala 23.1 V 4.2 0.38 V 0.02
Val-Ala-Pro-Gly 16.6 V 4.9 0.72 V 0.09
Gly-Arg-Gly-Asp 24.6 V 3.3 0.85 V 0.11
Gly-His-Arg-Pro 30.7 V 0.8 0.43 V 0.06
Gly-Pro-Gly-Gly 23.8 V 1.4 0.39 V 0.03
aBinding parameters were estimated from the quenching of the intrinsic
protein £uorescence at 340 nm upon the addition of increasing concen-
trations of ligand in 50 mM sodium phosphate, pH 6.5, at 20‡C.
Fig. 3. pH dependence of dissociation constants (Kd WM) for peptide
binding to DppP-(His)6: Binding saturation curves were obtained for
Ala-Ala at di¡erent pH values (4.5^7.5) with 0.05 WM of DppP-(His)6 ;
the binding parameters were calculated from the corresponding ¢ts of
the data.
Table 2
Stereospeci¢city and e¡ect of peptide modi¢cation on peptide bindinga
(meanV S.D., N=3)
Peptide vFmax (%) Kd (WM)
L-Ala-L-Ala 13.3 V 1.4 0.38 V 0.04
D-Ala-L-Ala 20.8 V 1.9 0.48 V 0.11
L-Ala-D-Ala 19.3 V 2.3 0.51 V 0.03
D-Ala-D-Ala 20.6 V 1.1 0.41 V 0.04
Ac-Ala-Ala ndb nd
Ala-Ala-OMe 17.1 V 0.6 0.59 V 0.03
aBinding parameters were estimated from the quenching of the intrinsic
protein £uorescence at 340 nm upon the addition of increasing concen-
trations of ligand in 50 mM sodium phosphate, pH 6.5, at 20‡C.
bnd, binding not detected by £uorescence spectroscopy up to 100 WM.
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the N-terminal K-amino group in the N-acetyl-derivatives
abolished ligand binding to all the peptide-binding pro-
teins studied to date, except for OppA. A subset of pep-
tide-binding proteins, but not OppA, has a conserved
aspartic acid that interacts with the positively charged
K-amino group of the peptide [15,28]. This residue is
also conserved in DppP from L. lactis (data not shown)
consistent with the prominent e¡ect of peptide acetylation
on binding to the protein. The mechanism of oligopeptide
binding to OppA from L. lactis constitutes an exception
since only the ¢rst six amino acids of the peptide are
enclosed in the binding pocket, whereas the remaining
residues interact with the protein surface [9]. Thus, the
interaction of OppA with the N- and C-termini of the
peptide is not as critical as in the other peptide-binding
proteins [7].
The e¡ects of the length of the peptide on binding af-
¢nities were studied for di-, tri- and tetra-peptides. DppP-
His6 showed a preference for hydrophobic tri-peptides,
lowest Kd and highest vFmax values, when compared
with the corresponding di-peptides (Table 1).
Remarkably, DppP-His6 showed a high a⁄nity for tet-
ra-peptides (Table 1). Binding of tetra-peptides was not
observed for DppA or DtpT, and transport of these pep-
tides was attributed to Opp only [15,29,30]. According to
the presented results a role for Dpp from L. lactis Il1403
in the uptake of casein-derived peptides needs to be con-
sidered. L. lactis MG1363 may not transport tetra-pep-
tides, when opp is deleted, because the corresponding
DppP protein of the Dpp system is inactive but the sit-
uation may be di¡erent in L. lactis IL1403 [31]. According
to studies of peptide transport in E. coli, Bacillus subtilis
and Streptococcus, the corresponding Dpp systems seem to
be speci¢c for the uptake of only di-peptides and to a
lesser extent tri-peptides [32^34].
A limited number of substrates were tested to determine
the e¡ect of the position of the amino acid residues on
binding properties but, in every case, the a⁄nities were
not greatly a¡ected. The presence of a basic residue at
the N-terminus of the di-peptide Lys-Ala caused a mod-
erate increase in a⁄nity when compared with that of Ala-
Lys (Table 3). DppA from E. coli and L. lactis show
stereochemical preference for L-residues, which matches
the di-peptide transport speci¢city of Dpp in E. coli [28].
Moreover, the presence of D-Ala residues did not provoke
a drastic reduction in a⁄nity in the case of DppP-His6 of
L. lactis (Table 2). In the light of these results and in
analogy with the situation in E. coli, it is possible that
DppP-His6 plays a role in recycling of cell wall peptides.
In E. coli a speci¢c peptide-binding protein, MppA, is
required for the import of murein tri-peptides [34].
In conclusion, DppP-His6 seems to be a more versatile
peptide-binding protein, with broader speci¢city, less strict
structural requirements and lower a⁄nities (higher Kd val-
ues) than DppA-His6 from L. lactis and the homologous
proteins in the enteric bacteria. The binding properties
presented here contribute to a better understanding of
the proteolytic system of L. lactis as the presence of a
broad-speci¢city binding protein next to OppA was not
foreseen on the basis of earlier work.
Acknowledgements
This work was supported by the grant AGL2001-0500
from MCYT (Spain). We thank Juan Gomis for technical
assistance.
References
[1] Detmers, F.J., Lanfermeijer, F.C. and Poolman, B. (2001) Peptides
and ATP binding cassette peptide transporters. Res. Microbiol. 152,
245^258.
[2] Gominet, M., Slamti, L., Gilois, N., Rose, M. and Lereclus, D.
(2001) Oligopeptide permease is required for expression of the Bacil-
lus thuringiensis plcR regulon and for virulence. Mol. Microbiol. 40,
963^997.
[3] Lazazzera, B.A. (2001) The intracellular function of extracellular sig-
naling peptides. Peptides 22, 1519^1527.
[4] Sleigh, S.H., Tame, J.R.H., Dodson, E.J. and Wilkinson, A.J. (1997)
Peptide binding OppA, the crystal structures of the periplasmic oli-
gopeptide binding protein in the unliganded form and in complex
with lysyllysine. Biochemistry 36, 9747^9758.
[5] Foucaud, C., Kunji, E.R.S., Hagting, A., Richard, J., Konings,
W.N., Desmazeaud, M. and Poolman, B. (1995) Speci¢city of peptide
transport systems in Lactococcus lactis : evidence of a third system
which transport hydrophobic di- and tripeptides. J. Bacteriol. 177,
4652^4657.
[6] Detmers, F.J.M., Kunji, E.R.S., Lanfermeijer, F.C., Poolman, B. and
Konings, W.N. (1998) Kinetics and speci¢city of peptide uptake by
the oligopeptide transport system of Lactococcus lactis. Biochemistry
37, 16671^16679.
[7] Detmers, F.J.M., Lanfermeijer, F.C., Abele, R., Jack, R.W., Tampe,
R., Konings, W.N. and Poolman, B. (2000) Combinatorial peptide
libraries reveal the ligand-binding mechanism of the oligopeptide re-
ceptor OppA of Lactococcus lactis. Proc. Natl. Acad. Sci. USA 97,
12487^12492.
[8] Lanfermeijer, F.C., Pico¤n, A., Konings, W.N. and Poolman, B.
(1999) Kinetics and consequences of binding of nona and dodecapep-
tides to the oligopeptide binding protein (OppA) of Lactococcus lac-
tis. Biochemistry 38, 14440^14450.
[9] Lanfermeijer, F.C., Detmers, F., Konings, W.N. and Poolman, B.
(2000) On the binding mechanism of the peptide receptor of the
Table 3
Speci¢city of DppP-(His)6 for dipeptidesa (meanVS.D., N=3)
Peptide vFmax (%) Kd (WM)
Ala-Met 22.1V 0.4 0.43V 0.04
Met-Ala 21.5V 1.1 0.53V 0.05
Ala-Asp 15.5V 3.0 0.37V 0.06
Asp-Ala 17.2V 5.5 0.49V 0.07
Ala-Lys 19.2V 0.4 0.57V 0.11
Lys-Ala 14.7V 2.3 0.31V 0.05
aBinding parameters were estimated from the quenching of the intrinsic
protein £uorescence at 340 nm upon the addition of increasing concen-
trations of ligand in 50 mM sodium phosphate, pH 6.5, at 20‡C.
FEMSLE 11209 30-9-03
Y. Sanz et al. / FEMS Microbiology Letters 227 (2003) 33^38 37
oligopeptide transport system of Lactococcus lactis. EMBO J. 19,
3649^3656.
[10] Marugg, J.D., Meijer, W., van Kranenburg, R., Laverman, P., Brui-
nenberg, P.G. and de Vos, W.N. (1995) Medium-dependent regula-
tion of proteinase gene expression in Lactococcus lactis : control of
transcription initiation by speci¢c dipeptides. J. Bacteriol. 177, 2982^
2989.
[11] Guedon, E., Serror, P., Ehrlich, S.D., Renault, P. and Delorme, C.
(2001) Pleotropic transcriptional repressor CodY senses the intracel-
lular pool of branched-chain amino acids in Lactococcus lactis. Mol.
Microbiol. 40, 1227^1239.
[12] Guedon, E., Renault, P., Ehrlich, S.D. and Delorme, C. (2001) Tran-
scriptional pattern of genes coding for the proteolytic system of Lac-
tococcus lactis and evidence for coordinated regulation of key en-
zymes by peptide supply. J. Bacteriol. 183, 3614^3622.
[13] Sanz, Y., Lanfermeijer, F.C., Renault, P., Bolotin, A., Konings,
W.N. and Poolman, B. (2001) Genetic and functional characteriza-
tion of dpp genes encoding a dipeptide transport system in Lactococ-
cus lactis. Arch. Microbiol. 175, 334^343.
[14] Bolotin, A., Wincker, P., Mauger, S., Jaillon, O., Malarme, K., Weis-
senbach, J., Ehrlich, D. and Sorokin, A. (2001) The complete genome
sequence of the lactic acid bacterium Lactococcus lactis ssp. lactis
IL1403. Genome Res. 11, 731^753.
[15] Sanz, Y., Lanfermeijer, F.C., Konings, W.N. and Poolman, B. (2000)
Kinetics and structural requirements for the binding protein of the di-
tripeptide transport system of Lactococcus lactis. Biochemistry 39,
4855^4862.
[16] Gasson, M.J. (1983) Plasmid complements of Streptococcus lactis
NCDO712 and other lactic streptococci after protoplast induced cur-
ing. J. Bacteriol. 154, 1^9.
[17] Kuipers, O.P., Beerthuyzen, M., Siezen, R.J. and de Vos, W.N.
(1993) Characterization of the nisin gene cluster nisABTCIRP of
Lactococcus lactis requirement of expression of the nisA and nisI
genes for development of immunity. Eur. J. Biochem. 2116, 281^329.
[18] Putman, M., van Veen, H.W., Poolman, B. and Konings, W.N.
(1999) Restrictive use of detergents in the functional reconstitution
of the secondary multidrug transporter LmrP. Biochemistry 38,
1002^1008.
[19] Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular Clon-
ing: A Laboratory Manual, 2nd edn. Cold Spring Harbor Labora-
tory Press, Cold Spring Harbor, NY.
[20] Leenhouts, K.J., Kok, J. and Venema, G. (1990) Stability of inte-
grated plasmids in the chromosome of Lactococcus lactis. Appl. En-
viron. Microbiol. 56, 2726^2735.
[21] Holo, H. and Nes, Y.F. (1989) High-frequency transformation, by
electroporation, of Lactococcus lactis subsp. cremoris grown with gly-
cine in osmotically stabilized media. Appl. Environ. Microbiol. 53,
3119^3123.
[22] Laemmli, U.K. (1970) Cleavage of structural proteins during assem-
bly of the head of bacteriophage T4. Nature 227, 680^685.
[23] Kuipers, O.P., de Ruyter, P.G.G.A. and de Vos, W.M. (1998) Quo-
rum sensing-controlled gene expression in lactic acid bacteria. J. Bio-
technol. 64, 15^21.
[24] Dunten, P. and Mowbray, S.L. (1995) Crystal structure of the dipep-
tide binding protein from Escherichia coli involved in active transport
and chemotaxis. Protein Sci. 4, 2327^2334.
[25] Tame, J.R., Murshudov, G.N., Dodson, E.J., Neil, T.K., Dodson,
G.G., Higgins, C.F. and Wilkinson, A.J. (1994) The structural basis
of sequence-independent peptide binding by OppA protein. Science
264, 1578^1581.
[26] Tame, J.R., Dodson, E.J., Murshudov, G., Higgins, C.F. and Wil-
kinson, A.J. (1995) The crystal structure of the oligopeptide-binding
protein OppA complexed with tripeptide and tetrapeptide ligands.
Structure 3, 1395^1406.
[27] Tame, J.R., Sleigh, S.H., Wilkinson, A.J. and Ladbury, J.E. (1996)
The role of water in sequence-independent ligand binding by an oli-
gopeptide transporter protein. Nat. Struct. Biol. 3, 998^1001.
[28] Smith, M.W., Tyreman, D.R., Payne, G.M., Marshall, N.J. and
Payne, J.W. (1999) Substrate-speci¢city of the periplasmic dipep-
tide-binding protein from Escherichia coli : experimental basis for
the design of peptide prodrugs. Microbiology 145, 2891^2901.
[29] Fang, G., Konings, W.N. and Poolman, B. (2000) Kinetics and sub-
strate speci¢city of membrane-reconstituted peptide transporter DtpT
of Lactococcus lactis. J. Bacteriol. 182, 2530^2535.
[30] Hagting, A., Kunji, E.R.S., Leenhouts, K.J., Poolman, B. and Kon-
ings, W.N. (1994) The di- and tripeptide transport protein of Lacto-
coccus lactis : a new type of bacterial peptide transporter. J. Biol.
Chem. 269, 11391^11399.
[31] Kunji, E.R.S., Hagting, A., de Vires, C.J., Juillard, V., Haandrikman,
A.J., Poolman, B. and Konings, W.N. (1995) Transport of L-casein
derived peptides by the oligopeptide transport system is a crucial step
in the proteolytic pathway of Lactococcus lactis. J. Biol. Chem. 270,
1569^1574.
[32] Abouhamad, W.N. and Manson, M. (1994) The dipeptide permease
of Escherichia coli closely resembles other bacterial transport systems
and shows growth-phase-dependent expression. Mol. Microbiol. 14,
1077^1092.
[33] Podbielski, A. and Leonard, B.A.B. (1998) The group A streptococ-
cal dipeptide permease (Dpp) is involved in the uptake of essential
amino acids and a¡ects the expression of cystein protease. Mol. Mi-
crobiol. 28, 1323^1334.
[34] Park, J.T., RayChaudhuri, H., Normark, S. and Mengin-LeCreulx,
D. (1998) MppA, a periplasmic binding protein essential for import
of the bacterial cell wall peptide L-alanyl-Q-D-glutamyl-meso-diami-
nopimelate. J. Bacteriol. 180, 1215^1223.
FEMSLE 11209 30-9-03
Y. Sanz et al. / FEMS Microbiology Letters 227 (2003) 33^3838
